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Abstract,

We use five and one-half years of imb- and nadir-viewing temperature mapping obser-
vations by the Composite Infrared Radiometer-Spectrometer (CIRS) on the Cassini
Saturn orbiter, taken between July 2004 and December 2000 {Lg from 203% to 47,
northern mid-winter to just after northern spring equinox’, to monitor temperature
changes in the upper stratosphere and lower mesosphere of Titan. The largest changes
are in the northern {winter) polar stratopause, which has declined in temperature by
over 20 K hetween 2005 and 2009, Throughout the rest of the mid to upper strato-
sphere and lower mesosphere, temperature changes are less than 5 K. In the southern
hemisphere, temperatures in the middle stratosphere near 1 mbar increased by 1 to
2K from 2004 through early 2007, then declined hy 2 to 4K throughout 2008 and
2009, with the changes being larger at more polar latitudes. Middle stratospheric
temperatures at mid-northern latitudes show a small 1 to 2K increase from 2005
through 2009, At north polar latitudes within the polar vortex, temperatures in the
middle stratosphere show a ~ 4K increase during 2007, followed by a comparable
decrease in temperatures in 2008 and into early 2009, The observed temperature
changes in the north pelar region are consistent with a weakening of the subsidence

within the descending branch of the middle atmosphere meridional circulation.

Key words:  Titan, atmosphere, Atmospheres, structure, Atmospheres, dynamics,

Infrared Observations
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1. Introduction

With an obliquity of approximately 26.7°, there are strong seasonal variations of
the insolation of Titan's atmosphere. Although the radiative timescales in the tropo-
sphere are longer than the Titan vear (Smith et al, 1981}, in the mid-stratosphere
and above the radiative response time becomes short enough that seasonal variations
in temperature, and thus dynamics, are expected (Flasar et al, 1081}

The earlest measurements of Titan's atmospheric temperatures were from the
Vovager 1 infrared spectrometer IRIS, which observed Titan in early northern spring
(Lg = 9°). Retrievals of temperatures at 0.4 and 1 mbar by Flasar and Conrath (1990}
showed a hemispheric asymmetry, with temperatures near 60° N approximately 15 K
colder than equatorial and low southern latitudes, with a smaller drop of about 5K
at 60°8. This temperature asymmetry is somewhat larger than expected given ra-
diative cooling timescales at these levels of about 1 Earth year {one Titan year is
295 Barth vears). Flasar and Conrath {1990) proposed that, because of the coupling
of the temperatures and winds through gradient wind balance, the temperatures re-
spond to the solar forcing on the longer dynamical timescale on which the meridional
circulation fransports zonal momentum between hemispheres. Alternately, Bézard
et al. (1995) suggested that the temperature asymmetry is the result of hemispheric
asvmmetries in the opacity sources responsible for solar heating and radiative cooling,
Stratospheric temperature retrievals from Cassini Composite Infrared Spectrometer
[CIRS) data taken around northern mid-winter (Flasar et al, 2005; Achterberg et al.,
2008a), showed a somewhat stronger asymmetry, with 1 mbar temperatures poleward
of 60° N 20-30 K colder than the equator. The most remarkable result from the CIRS
temperature data is the discovery that the siratopause was over 20K warmer and
over a scale height in altitude higher at high northern winter latitudes than at the
equator {Achterberg et al., 2008a). As the winter stratopause is high enough in al-
titwde to be above the polar shadow, and there is an increased haze opacity in the

winter polar hood (Smith et al., 1981), increased radiative heating may contribute to
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the warm stratopanse. Another possibility suggested by Achterberg et al. {2008a) is
acliabatic heating in the descending branch of the meridional cireulation. Subsidence
has also been invoked to explain the enhanced abundance of nitriles and some hyvdro-
-arbons seen at high northern latitudes by Voyager and Cassini (Rannou et al., 2004;
Lebonnois et al., 2009; Teanby et al., 2009).

With five and a half years of data now available from Cassini, covering just over
two-thirds of a season from early northern winter to just after northern spring equinox
(Lg from 293° to 4° ), we have used both nadir and limb viewing temperature map-
ping observations from CIRS to look for temporal changes in temperature in the upper
stratosphere and lower mesosphere. Section 2 describes the data sets used and the
temperature retrieval procedure. Section 3 presents the observed time variations of
the retrieved temperatures and of the zonal mean gradient winds consistent with the
temnperatures. Section 4 compares the observations with the earlier Voyager observa-
tions and with general circulation models of Titan, and discusses the implications of

the whservations for the mean meridional cireulation.

2. Observations and Data Analysis

Te obtain temperatures in the upper stratosphere, we use thermal infrared spec-
tra from focal plane 4 (FP4) of CIRS, which covers the spectral range from 1100
to 1400 cm™ with a spectral resolution adjustable between approximately 0.5 and
15.5cm™ . FP4 is a 10-element linear array, each pixel of which has a square feld of
view of 0.28 mrad. The instrument and its operation is deseribed in detail by Flasar
et al, (2004). The data used cover the time period from the TO fiyby on 2 July 2004
(Lg = 293%), just after orbit insertion, through the T63 fivhy on 11 December 2009
(Lg = 4%}, just after Titan’s northern spring equinox.

Two types of temperature mapping observations are used: nadir-viewing maps
which usually cover the visible hemisphere of Titan, and limb-viewing maps which

provide better altitude coverage than nadir-viewing observations, but which cover
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only a single longitude for each observation. For the nadir-viewing maps, a series of
continmous slews, perpendicular to the 1x10 FP4 array, are used to cover the visible
disk from a spacecraft distance of 250,000 to 400,000 km, giving a spatial resolution
of 1.5% to 2.57of arc at disk center, and the data is taken at a spectral resolution of
28cm ™. A Hst of the nadir observations is given in Table 1. For the limb-viewing
maps, the array is placed perpendicular to the lmb of Titan, with two separate
vertical placements of the array, one above the other with an approximately 3 pixel
overlap, Data are taken everv 5° in latitude over a roughly 80° latitude range. At
each position of the array, 10 to 12 spectra are acquired in each detector at a spectral
resolution of 15.5 ek, and are averaged together to improve the signal-to-noise ratio.
Spectra taken during the slews between array positions are ignored. The limb maps
are taken at a range of abont 120,000 km, giving a vertical spatial resclution of about
40 km, somewhat less than the pressure scale height in the stratosphere. A Hst of the
limb observations used is given in Table 2. The latitude and time coverage provided
by both sets of observations is shown in Fig. 1.

Temperatures are retrieved from the observed spectra using the procedure de-
seribed in detail by Achterberg et al. {2008a); only a very brief summary is provided
here, For the nadir maps, temperatures are retrieved from individual spectra by
a constrained linear inversion algorithm (Conrath et al., 1998). using the spectral
range from 1251 to 1311em™" within the P and € branches of the vy band of CHy,
The forward model uses 200 lavers, equally spaced in lag-pressure between 1456 and
0.0601 mbar. CH, 1y band absorption is calenlated using the correlated-£ approxima-
tion (Lacis and Oinas, 18913, with line data taken from the 2003 release of the GEISA
line atlas {Jacquinet-Husson et al., 2005), assuming a stratospheric mole fraction of
0.0141 {Niemann et al., 2005). The retrieved temperatures are valid between roughly
0.2 and 8 mbar, except at north pelar latitudes where the region of validity shifts
to approximatelv 0.1 mbar to 2 mbar because of the warmer upper stratosphere and

colder middle and lower stratosphere. Outside of the pressure range that is strongly
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constrained by the data, the retrieved temperatures relax to the initial guess profile.

For the limb maps, the large vertical extent of the atmosphere relative to the radius
of Titan requires the use of a 2-dimensional retrieval algorithin (Achterberg et al.,
2008a), in which all of the data from a single map is used simultancously to retrieve
the temperature and aercsol abundance as a function of both latitude and altitude,
assuming no variations with longitude, as well as altitude pointing corrections, The
spectral range used 1210 to 1315em . The forward model uses 2060 layers equally
spaced in altitude between the surface and 550 kim, and latitude points spaced every
5%, with the latitude boundaries dependent upon the latitude range of the data used.
Again, CHy absorption is included using the correlated-k approximation, and haze
absorption is also included using a gray sbsorber with no scattering. The retrieved
temperatures are valid bhetween approximately 0.005 and 5 mbar, except northwards
of ahout 60° N where they are valid between about 0.005 and 2 mbar. For both sets
of retrievals, the initial guess for the retrievals was the latitude-dependent, smoothed,
time- and zonally-averaged temperature cross section of Achterberg et al. {2008a,

Fig. 0).

3. Besults

Figure 2 illustrates the large-scale changes in Titan’s stratospheric thermal strue-

& & & !

ture between the early part of the Cassini mission (northern mid-winter} and the

period just before northern spring equinox. Cross-gsections of zonal mean tempera-

tures averaged over flybys T0 through T13 (July 2004 through March 2006} are shown

in the top panel, and over T45 through T63 (July 2008 through December 2008} in

3 = N o oy ?

the bottom panel. The averages were constructed by averaging both the nadiz- and
i) s g ]

limb-viewing data in 5% latitude bins, and smoothing the resulting averages by 3 ap-

plications of a shiding 107 rectangular window. The middie panel shows the change in

temperature between the early and late temperature averages. The largest changes

in temperature ocour at around 60° N, near the northern boundary of the winter po-
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lar vortex, with only small changes in the southern hemisphere. The most prominent
change is a strong cooling of the warm winter polar stratopause by = 20K, along with
a general cooling of the stratopause and lower mesosphere. In the mid-stratosphere,
temperature changes are smaller than in the lower mesosphere, with warming of 2-3K

i the northern hemisphere and weak cooling in the southern hemisphere.

3.1. Limb Maps: Lower Mesosphere and Stralopause

Figure 3 shows a time sequence of temperature cross-sections from individual Hmb
maps with northern hemisphere coverage. The dashed line on the figure indicates the
stratopaunse, calculated as the pressure where the temperature is a local maximum at
each latitude. The warm, elevated north polar stratopause has been cooling from 2005
through 2009 at a rate of about 3K per year. In addition, the transition between
the ~ 0.1mbar near-equatorial stratopause and the elevated polar stratopause has
become much more abrupt, and in the T39 and T63 maps (Le = 353%° and Lgs =
4°}, the stratopause has essentially dissappeared at northern midiatitudes, with the
temperatures profile becoming nearly isothermal for pressures less than about 0.3
mbar,

Figure 4 shows a time sequence of equatorial temperature cross-sections from
individual limb maps. From 2005 through 2007, changes to the temperature structure
are smail. From late 2007 through mid 2009, temperatures in the lower mesosphere
between about 0.1 and 0.01 mbar decrease by approximately 5 K, accompanied by a
shift in the stratopsuse to higher pressures.

Figure 5 shows a time sequence of southern hemisphere temperature cross-sections
from individual limb maps. Coverage of high southern latitudes from the limb maps is
unfortunately sparse {see Fig. 1}. Little evidence of temperature changes can be seen,
apart from indications of cooling in the lower mesosphere at higher latitudes, and the

disappearance of the slight elevation of the stratopause at south polar latitudes.
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5.2, Nadir Maps: Middle Stratosphere

To examine the temporal variations in the middle stratosphere, temperatures re-
trieved from the nadir maps for each flyby were zonally averaged in 5° wide latitude
bins. In calculating the averages, the variation of latitude along the observed ray
paths, which is significant because of the large vertical extent of Titan’s atmosphere,
was taken into account. Figure 6 shows a time series of the zonal mean tempera-
tures at 1 mbar for a representative set of latitudes. Unfortunately, Hyvby geometries
did not allow for good nadir views of latitudes poleward of spproximately 60° N or
7078 for the first two years of the mission, except for the south pole on the TO Hyhy
immediately after orbit insertion.

The nortl: polar data at 75° N and 85° N indicate a temperature increase of ~ 3K
between early 2007 and early 2008, but a similar decrease from early 2008 through
spring equinox, despite increasing sunlight in the north polar region as spring ap-
proaches. The mid-novthern hemisphere temperatures (30° N - 60° N} show consider-
able scatter, but indicate a femperature increase of 2 to 3K from 2005 to 2009, con-
sistent with the larger time averages shown in Fig. 2. Near equatorial temperatures
are constant over the time of the observations. At mid-to-high southern latitudes,
temperatures increased by abous 1K between mid-2004 and early 2007; there is then
clear temperature decrease beginning in late 2007, with the amplitude of the decrease

from late 2007 to mid-2000 varving Irom ~ 1 K around 45° 5 to ~ 4K near the south

pole.

8.3, Zonal Winds

Using the assumption of gradient wind balance — that the meridional pressure
gradient is balanced by the horizontal component of the the sum of the Coriolis and
centrifugal forces, which is expected to hold for Titan - the zonal wind velocity u is
related to the meridional gradient of the temperatire T by
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Here ) is Titan’s rotation frequency, ¢ is latitude, g is gravitational acceleration,
and for a thick atmosphere, the “vertical” derivative dz) is taken along the direction
parallel to the rotation axis (Flasar et al., 2003). To minimize the noise from taking
derivatives of the temperature fleld, and to get full latitude coverage, Eq. 1 is applied
to the averaged temperature fields of Fig. 2. Following Achterberg et al. (2008a), we
use a8 a boundary condition a wind in solid body rotation at 10 mbar with an angular
velocity of four times the solid body rotation rate, consistent with the winds at that
level measured by the Huygens Doppler Wind Experiment (Bird et al., 2005; Folkner
et al., 2006).

The resulting winds are shown in Fig. 7, along with the change in the wind between
the early and late averages. Changes in the southern hemisphere winds are small,
as expected from the small changes in the southern hemisphere temperatures. The
main change in the winds between 2005 and 2009 is an extension of the strong winter
hemisphere jet to higher altitudes; the weakening meridional temperature gradients at

the latitude of the jet correspond to a slower decay of the jet with increasing altitude.

3.4. Stretospheric Pole Offsed

Analysis of mid-stratospheric temperatures by Achterberg et al. (2008b) showed
that zonal variations of temperature were dominated by a zonal wavenumber 1 feature
which was stationary in either a solar-fixed or stellar-fixed reference frame to within
the observational uncertainty. The meridional structure of the wavenunber 1 feature
was consistent with Titan’s stratospheric temperatures and winds being symumetric
about an axis that is offset from the then-current TAU definition of Titan’s solid body
rotation axis by 4.1° & 0.2°, with the north pole tilted towards a divection 76 £ 2°
west of the subsolar longitude. Subsequently, similar offsets were discovered in the
symmetry axis of the hemispheric northi-south haze asymmetry {Roman et al., 2008)
and of the HCN abundance {Teanby et al.,, 2010).

Recent GCM simudations by Tokane (2010) produce a stratospheric atmospheric

angular momentum (AAM) vector which is offset from the rotation pole by a few
& "\ s o
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degrees and which precesses westward with a period of one Titan solar day, as a
result of forcing by solar thermal tides. These results are broadly consistent with the
observations, except that the AAM veetor in the GCM simmulations is tilted toward the
anti-solar longitude in northern winter. Tokano (2010) also found that the angle of the
AAM tilt in the GCM varies strongly with scason, with a maximum tilt amplitude
cecurring after the solstices and the tilt becoming near zero shortly after equinox,
with the tilt angle in the mid-stratosphere dropping by ~30% to 50% over the period
of the CIRS chservations.

To lock for temporal variations of the stratospheric tilt, the procedure described
by Achterberg et al. (2008b) for fitting the symmetry axis of the temperature field was
applied to the retrieved 1mbar temperature maps for each Titan fivhy. The results
are shown in Fig. 8 in both sun-fixed and inertial {star-fixed} reference frames. The
error bars shown are 1-o uncertainties resulting from uncertainties in the retrieved
temperatiures. Navigation of support imaging for the earliest Titan temperature maps
indicated uncertainties in the reconstructed pointing data of one-third to one-half of
a CIRS FP4 field of view, and retrieved pointing corrections from the limb retrievals
are also i general one-third of a field of view or less, corresponding to errors of about
1% of arc on Titan. As the pointing errors will be moderately strongly correlated over
a temperature mapping observation, it is likely that much of the considerable scatter
in Fig. 8 is from pointing errors.

Despite the scatter, the amplitude of the fitted pole offset shows no indication of
having decreased over the period of the observations as predicted by the model of
Tokano (2010); if anything the data suggest a slight increase in the amplitude of the
tift. Linear fits to the azinmth angle of the tilt as a function of time, shown as dotted
lines in Fig. 8, suggest that the tilt is closer to stationary in the inertial reference
frame than in the solar reference frame; the fitted long-term drift rates of the azimuth
are (20 4+ 8) x 107 degs™ in the sun-fixed frame and (3.5 £ 7.9) x 107 %degs™! in

the inertial frame. The plots of tilt azimuth also show an apparent oscillation with
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a period of about 3 years, Calculation of a Lomb-Scargle periodogram {Press and
Teukolsky, 1988) from the tilt azimuth data in the ipertial frame gives a maximum
signal at a period of 2.73 Earth vears, with a false alarm probability of 11.5% (lLe.
statistically significant at the 88.5% level). With the large scatter in the tilt data,
and the correspondingly low statistical significance of the results, further data to
be obtained during the Cassini Solstice Mission are needed to clearly determine the

behavior of the stratospheric pole offset,

4. Discussion

4.1 Comparison with Voyager 1 IRIS

Prior to Cassini, the only measurements of meridional temperature profiles on
Titan were from the Infrared Interferometer Spectremeter (IRIS) on Voyager 1 (Flasay
et al., 1981; Flasar and Conrath. 1990; Coustenis and Bézard, 1995), which few by
Titan in November 1980, during early northern spring (Lg = 9%}, Figure 9 shows the
0.4 mbar and 1.0 mbar temperatures retrieved from Voyager 1 IRIS by Flasar and
Conrath {1990}, along with temperatures at the same pressures retrieved from CIRS
data from fybys T45 through 159 (July 2008 to July 2009, Lg = 347° ~ 359°), taken
slightly less than one Titan vear after the IRIS data. Overall, the two data sets are
consistent with each other, with two main differences, First, the Vovager data show
an indication of the meridional temperature gradient becoming steeper at 60° S, which
is not seen in the CIRS data, but which is consistent with the the Voyager data being
taken in early southern spring, while the Cassini data is fram late southern winter.
Secondly, the Vovager data are sotnewhat colder at the equator at 0.4 mbar than the
CIRS data.
4.2, Comparison with Titen General Circulaiion Models

The primary objective of Titan general circulation modeling is to contribute to an
understanding of the processes that consrol the structure and dynamics of the atmo-

sphere. This modeling objective can only be met through the comparison of model
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predictions with the available measurements of the spatial structure and temporal
evolution of atmospheric temperatures, wind fields, gas abundances, and aerosols.
By adjusting parameterizations and systematically introducing new mechanisms, the
relative importance of various processes can bhe established. The Cassini mission has
obtained a wealth of new information on Titan's atmosphere that can establish im-
portant constraints. Although the fraction of the Titan seasonal eyele covered thus
far by CIRS observations is limited (Lg from 293° through 4%), temporal changes in
the temperature fleld (Fig. 2} and the associated gradient thermal wind field (Fig. 7)
are clearly evident. These results can now be compared with circulation model pre-
dictions.

In an early ploneering effort, a 3-D model derived from a terrestrial GOM was
developed at the Laboratoire de Météorologie Dynamique (LMD}, With a top at
~ 0.3 mbar, the optically active gases and haze production rates were held fixed,
independent of latitude and time (Hourdin et al., 1995). Results were presented
for northern winter solstice (L = 270°) and northern spring equinox (L, = 360°).
Although the height range covered by the model limits the comparisons that can be
made with the CIRS middle atmosphere results, the predicted gross seasonal changes
in the 0.3 - 10 mbar region are qualitatively similar to those observed. However, the
model underestimated the latitudinal temperature gradients and the strength of the
winter hemisphere jet.

Subsequently, Tokano et al. {1999) constructed a Titan GCM in which an attempt
was made to include the effects of seasonally varying haze opacity within the frame-
work of a simplified model. The potential importance of a thme and spatially varving
haze opacity was established, although resuiting temperature gradients in latitude in
the lower stratosphere were generally weaker than observed, The top of the model
was at ~ 0.1 mbar so direct comparisens with CIRS results in the upper stratosphere
cannot be made. Friedson et al. {2009} have also developed a fully three-dimensional

Titan GCM, based upon the NCAR Community Atmosphere Model 3.0, including
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detailed calenlations of surface-atmosphere interactions and radiative transfer, but
with the assumption that the radiatively active gases and aerosols were uniform in
latitude and time. Their model produced stratospheric winds with & maximum am-
plitude of ~ 12ms™}, and equator-to-pole temperature gradients of ~ 1K, much less
than observed,

More recently, the LMD group and their collaborators have developed and contin-
wed to refine a zonally symmetric model with interactive dynamics, radiative transfer,
photochemistry, and cloud micro-physics (Lebonnois et al., 2001, 2003; Hourdin et al.,
2004: Rannou et al., 2004}, Herizontal transport by barorotropic eddies is parameter-
ized in the 2-dimensional model using the results of Luz and Hourdin (2003) and Luz
et al. (2003). Haze transported to the polar regions is found to have a major effect on
the radiative heating and cooling rates resulting in enhanced net radiative cocling,
especially at high latitudes in the winter hemisphere. Consequently, equator-to-pole
temperature gracients are increased with a corresponding strengthening of the wind
field. Here we make use of a publicly-available database of ocutput from this model
(Rannou et al., 2005, betp://www lmd. jussieu.fr/titanDbase/index. hml),

Results from the model have previcusly been compared with CIRS-derived thermal
structure, zonal winds, and stratospheric gas digtributions for L, ~ 300° by Crespin
et al. (2008). We can now extend the comparison of the temperature and zonal wind
field through L, ~ 360° with emphasis on the temporal changes. Zonal mean mevid-
ional temperature and zonal wind cross sections from the model for L, = 3097 and
358° are shown in Fig. 10, along with the changes over this time interval. These results
can be compared with the CIRS retrieved temperatures and winds and their changes
shown in Figs. 2 and 7. The model-predicted temperature and wind cross sections
agree qualitatively with the measurements, with a strong temperature maximum in
the upper levels at high northern latitudes and a strong mid latitude jet in the winter
hemisphere. However, notable quantitative differences exist. The model temperature

maxima for both time periods are somewhat warmer and occur at higher pressures
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than found in the measurements, Crespin et al. (2008) suggest that this may be due
at least in part to placement of the modeled aerosol production source too deep in
the atmosphere. In addition, the measurements indicate a significant increase in the
stratopause altitude between the equator and the north polar region for both times,
a feature that iz not captured by the model. The measurements show a temporal
decrease in temperature in the upper atmospheric levels at high northern latitudes
with the greatest change occurring at the temperature maximum centered near 0.01
mbar. The model results indicate little change in the maximum with some increase
in temperature at the equatorward edge of the warm region. Both the measurements
and the model show an increase in zonal wind speed at mid and low latitudes, al-
though the spatial extent and magnitude of the change differs considerably between

the two,

4.4, Potential Vorticity and Stabilsty of the Polur Vorter

The Ertel potential vorticity and the potential temperature {a function of the
entropy) are materially conserved quantities in adiabatic inviscid low. In a flow that
is also axisymmetric, the zonal mean angular momentum about the symmetry axis
is also conserved. The zonal mean cross sections of these three quantities are thus
of particular intervest as tracers of the meridional circulation, or as indicators of the
strength of non-adiabatic effects (radiation, for example) or of wave and eddy forcing.
The seasonal changes of these three quantities should reveal the forcing that drives
the general circulation.

As explained in section 3.3, the retrieved temperatures can be used to make es-
timates of the zonal wind. The potential temperature can be calculated from the
temperature, the angular momention from the wind, and finally the potential vortic-
ity can be caleulated from the wind and the potential temperature. These steps were
carried out as described in Achterberg et al. (2008a). The resulting meridional cross
sections are displaved in Figs. 11 through 13, as caleulated from the temperatures

and winds from Fig. 2 and Fig. 7, respectively.
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Noise is magnified when the retrieved temperatures are differentiated. This has
a strong effeet on the potential vorticity, because two spatial derivatives are taken.
Moreover, it is the gradients of the field that are of inferest in interpretations, such
as baroclinie instability assessment. To reduce noise as much as possible when gen-
erating these conserved quantities, we smoothed spatially, typically with three passes
of a sliding box average fen degrees of latitude in width. In addition, we evaluated
temporal change by using all four time bins and fitting a linear rate of change to
each (latitude, pressure} point in the meridional plane. This procedure uses ail the
data, and captures the important time dependence, since only a fraction of a season
is available at present.

The angulay momentum per unit mass (Fig. 12} is dominated by the zonal mean
wind, with only a minor contribution from the planetary rotation. Consequently, the
angular momentum distribution is very similar to the wind field, with clesed contours
in the middle stratosphere. The potential vorticity cross sections (Fig. 13) show a
monotonic increase from the south pole through approximately 65° N, on the poleward
flank of the winter polar vortex, where there is a maximum in the potential vorticity,
and then a descrease toward the north pole, where there is a local mintmum. This
local maximum in the potential vorticity should be viewed with caution; it is near
the edge of the domain and is sensitive to the smoothing approach. Nevertheless, it
consistently appears in all four of our time bins, and the amplitude of the maximum
shows an increase as time advances,

There has been only limited investigation of stability criteria for nongeostrophic
vortex flows. It is known that if the Ertel potential vorticity changes sign within
a vortex, or if the angular momentum per unit mass decreases with distance from
the rotation axis aleng a surface of constant potential temperature, then the flow
is unstable to symmetric or inertial overturning (Eliassen, 1951). The Titan cross
sections displayed in Figs. 12 and 13 do not do this. In quasigeostrophic flow. a

necessary, but not sufficiens, condition for barotropic or baroclinic instabilities is a
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change in sign of the meridicnal gradient of the potential vorticity (e.g. Pierrehumbert
and Swanson, 1995). In the cyclostrophic case a stability analysis has been carried
out by Montgomery and Shapire (1995), giving the same result, bat the structure
of perturbations is limited to low wavenumbers and therefore the conclusion is not

general. The local maximum in potential vorticity would thus suggest that the polar

geometry or stratification.

4.4, Implications for the Zonal Meoan Meridional Cireulation

On Earth, the radiative relaxation time, 7., is roughly comparable in the tropo-
sphere and middle atmosphere, approximately a few davs {see e.g. Houghton, 1077;
Fels, 1982; Andrews et al., 1987). In Titan’s atmosphere the range is much larger.
Figure 14 shows order-of-magnitude estimates of the radiative cooling timescales at
equatorial (3° 3} and north polar (75° N} latitudes, calenlated using the Newtonian
cooling and raditation-to-space approximations (Flasar et al., 1981; Andrews et al.,
1987, section 2.5.2) with cooling from CHy, CoHy and CoHg. Gas abundances were
assumed constant with altitude, using the CHy mole fraction from Niemann et al.
(2005}, and C;H, and CoHg mole fractions from table 2 of Coustenis et al. (2010}
Because of the lack of other trace gases and of aerosols, the cooling times in Fig. 14
will be overestimated somewhat (see Tomaske et al, 2008}, but the differences be-
tween the polar regions and the equator due to the temperature differences should be
qualitatively correct.

In the lower troposphere 7 ~ 107 — 10" s [~ 100 tervestrial years or ~ 3 Titan
vears, Smith et al., 1951; Strobel et al., 2009). It decreases with altitude to ~ 107 s
at 1 mbar in the stratosphere at equatorial and summer latitudes (Fig. 14) and
decreases more slowly with height above that level. The slower decrease results from
the compensation of the decrease in atmospheric mass per scale height with altitude,
which acts to decrease 7., and the decreased emissivity of the principal hydrocarben

coolants with altitude, which scts to increase it. The variation is more extreme
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at high latitudes in the winter hemisphere. The cold temperatures near 1 mbar
imply relaxation times ~ 10%s, comparable to a Titan season, and near the high-
latitude warm stratopause 7. ~ 10%s, comparable to one Titan day. Hence, the
winter stratopause region should have observable diurnal effects, but the paucity of
longitude coverage from the limb scans {Achterberg et al., 2008a}, which are needed
to sound these high altitudes, hamper attempts to see the variation.

The large variation of 7. in the middle atmosphere has implications for the struc-
ture of the zonalmean meridional circulation. To see this, consider the zonally-

averaged heat equation {e.g. Achterberg et al., 2008a}:

Qfg_w 9}:*“‘2& Wﬂ“;ffz (2)
&t dz Oy T -

where w is the vertical velocity, £, is the heat capacity at constant pressure, and
T,, is the radiative-equilibrium temperature. All variables are zonal averages. Eq.(2)
savs that the rate of temperature change is equal to the adiabatic heating and cooling
associated with descent and ascent, plus diabatic heating and cooling, parameterized
as a Newtonian relaxation of the temperature T to T, over the time scale 7. The
balance neglects the meridional advection of heat. For cyelostrophic flow, the ratio
of this to the vertical advection term in (2} i3 small, 1/Ri. where Ri ~ 5 is the
Richardson number in Titan’s middle atmosphere (Flasar and Conrath, 1990}, In the

absence of motion, (2} reduces to a purely radiative response, 77

Q{W — T« - T&?t}

e R (3
ot T, L
Combining (2) and (3} vields
HT - T..} agr g T-T ()
R T T T B e B 4
it Oz C’;, T Y

Casting both the temporal change and diabatic heating/cooling in terms of T — T,

-y
[w.5]
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permits a straightforward comparison of the two. The ratio of the time derivative
to the radiative term is Q7. where (0 is Titan’s {and Saturn’s) seasonal frequency:
27 /29.5 Farth years. With the exception of the cold region below the 1 mbar level at
high northern latitudes in winter, Q7. < 1, and the radiative term is much larger.

Hence the dominant balance in (4} is:

aT g) T —~T7. -
T i el I L
gz O, 7 %)

The adiabatic heating and cooling associated with vertical motion keeps the atmo-
spheric temperature from relaxing to a purely radiative solution. This is most evident
at high northern latitudes near the stratopause level (Achterberg et al., 2008a), where
subsidence maintaing a temperature, T ~ 200K, that is much higher than the radia-
tive solution, T, ~ 100K (Hourdin et al,, 1993): 7" — T} ~ 106 K. At the 0.01 mbar

level 7. &= 1 x 10%s {

Fig. 14}, and the static stability, C 55% + fm) ~ 1 K/km, taking
JT /0% =~ 0. From (3), this implies a suhsidence of 10 em/s, large by Titan standards.
At fow and southern latitudes, T — T, is much smaller, ~ 10K, and 7. =~ 4 x 1{%s.
Hence the relaxation term on the right-hand side of (5} is ~ 40 times smaller than
near the north pole at low and southern latitudes. As the static stability at these
altitudes does not vary that much with latitude, the upwelling leg of the meridional
circulation is typified by vertical velocities < I mms™!. Mass continuity requires that
the area weighted average of the vertical velocities over latitude vanish, ignoring the
possibility of hydrodynamic escape over much longer time scales (see, e.g., Strobel,
2009). It follows that the area of subsidence near 0.01 mbar in the north is relatively
compact, more than a factor of 10 smaller than the area of ascent at low and socuthern
latitudes.

Much lower in the stratosphere at high northern latitudes, (1,7, ~ 1, which is much
targer than elsewhere in the middle atmosphere, and all the terms in {4} are required
to account for the balance. Rannou et al. (2004) have emphasized the importance of

aerosol transport to high latifudes in the winter hemisphere and the enhanced cooling
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that can result. However, the neglect of aerosols in our estimate of 7. may not be
critical for the colder temperatures in the lower stratosphere, because of the extreme
sengitivity of 7, to temperature, Once 7, becomes comparable to seasonal time scales,
temperatures at high latitudes in the winter and early spring cannot decline much
further, because the sun comes back toe soon to warm up the polar region after the
winter night,

The l-mbar temperatures at 75° N and 83° N exhibit a curious behavior in late
winter (Fig. #). They increase between Lg == 330° and 340°, and decrease between
Le = 340° and 360°. The increase could plausibly be explained by warming from
the sun as the shadow of the polar night recedes. The subgequent decrease, however,
may reflect the interplay between solar heating and adiabatic heating from subsidence
in the polar region. Evidence that the subsidence, inferred near the stratopause in
the retrieved temperature cross sections (Fig. 2), actually extends down to the 1
mbar level comes from a consideration of the retrieved distribution of organic com-
pounds aside from CHy in the middle atmosphere. The retrieved distribution of these
gases at high northern latitudes shows enhancements down to the 1 mbar level and
lower {Teanby et al.. 2008; Coustenis et al., 2007). They are mostly formed from
photolytic, catalvtic and electron-impact dissociation of Ny and CHy high in the at-
mosphere, and they condense in the the lower stratosphere or tropopause region. The
mean concentration of the organic molecules therefore increases with altitude in the
middle atmosphere, and subsidence at high vorthern latitudes will produce higher
concentrations along isobars {see e.g. Teauby et al., 2000). If the L-mbar temperature
& maintained by radiative heating and cooling and adiabatic warming from subsi-
dence, the observed cooling between Lg = 340° and 360° may signal a weakening in
the subsiding leg of the meridional circulation at this level. If the weakening is rapid
enough, it could offset the enhanced warming from the sun as it rises higher in the

sky.
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Table 1: Summary of Nadir Observations

Encounter Start Time Druration  Latitude Range No, of Spectra Hescuition  Lg
(h‘mm‘ {° of arg} i
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Table 2 Summary of Limb Observations

Vertical
Encounter Start Time Duration  Latitude Range Resolution  Lg
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Figure Captions

Figure 1. Latitucde and time coverage of the nadir {top} and limb (bottom) temper-

ature mapping chservations.

Figure 2. (fop) Zonal mean temperatures, determined from both nadir and limb
data, averaged over the time period from July 2004 through March 2606 (T0-T1:
T W fan N
fAvhys)., Temperatures were averaged in 57 latitude bins, then smoothed with a 10°
Y3 P g
boxear function appHed three times. Contours are labeled in K. The retrieved tem-
peratures are valid over the pressure range between about 0.005 and 8 mbar. except
poleward of 60° N, where they are valid between about 0.005 and 2 mbar. {bottom)
As the top panel, but averaged over the time period from July 2008 to December
2000 (T45-T63 fivhys). (middle) Difference in zonal mean temperature between the
L FOYSE

fower and upper panels.

Figure 3. Northern hemispheric temperatures retrieved from all individual imb tem-
perature maps with nearly complete northern hemisphere coverage. The dashed line
indicates the stratopause, calculated as the pressure corresponding to the temperature

maximum at each latitude.

Figure 4. Equatorial temperatures retrieved from all individual limb temperature
maps with nearly complete coverage between 30° S and 30° N. The dashed line indi-
cates the stratopause, caleulated as the pressure corresponding to the temperature

maximum at each latitnde.

Figure 5. Southern hemisphere temperatures retrieved from all individual limb tem-
perature maps with nearly complete southern hemisphere coverage. The dashed line
indicates the stratopause, caloulated as the pressure corresponding to the temperature

maximum at each latitude.

Figure 6. Retrieved | mbar temperatures, zonally averaged in 5° wide latitude

hins from individual nadir maps, as a function of time. (top) Temperatures at 60° N
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(blue squares), T0° N (red circles} and 80° N (black crosses). {middle} Temperatures

as 30°S {(blue squares), equator (black crosses) and 30°N (red circles). {bottom)

i 8y i F RN 1

Temperatures at 453° 8 {green diamonds), 60° 8 (blue squares}, 75° 8§ (red circles) and
i (R - S i 23 % s

85§ {black crosses).

Figure 7. Zonal winds calculated from the temperature averages in figure 2 using
the gradient wind equation, assuming solid body rotation at the 10 mbar level at four
times Titan's rotation rate. Wind speed confours {black lines} are labeled in m g7,
{top) Zonal winds from temperatures over the time period from July 2004 through
March 2006 {T0-T13 flybys). Temperatures were averaged in 5° latitude bins, then
smoothed with a 10° boxecar function applied three times. Contours are labeled in K.
{(hottom) As the top panel, but for the time period from July 2008 to December 2069
(T45-T63 fivbys). {middle) Difference in zonal winds between the lower and upper

panels.

Figure 8. Least squares fits {o the symmetry axis of the 1 mbar temperatures
from nadir data from individual flvbys. The left column show the fits in a sun-fixed
reference frame, the right column in a star-fixed (inertial) reference frame. The top
panels show the fitted azimuth of the pole fit as a function of time, the hottom panels
show the amplitude of the offset from the TAU defined pole as a function of time. The

dotted lines are least-squares fits to a linear variation with time.

Figure 9. Temperatures at 0.4 mbar {red) and 1.0 mbar {blue} from Vovager 1 IRIS
retrievals of Flasar and Conrath (1990) (points) and from CIRS data averaged over

the period between June 2008 and June 2009 (lines).

Figure 10. Results from a Laboratoire de Météorologie Dynamicque (EMD) 2-D circu-
lation model taken from http://www.lmd. jussieu. fr/titanDbase/index.himl {Rannou
et al., 2005}, The three panels on the left show meridional cross sections of tempera-

ture for L, = 309° {top}, L = 358° (bottom}, and the change in temperature between

P PP




the two time periods {middle). The three right-hand panels show similar resnlts for

the zonal wind,

Figure 11. Potential temperature calculated from the temperature averages in fig-
are 2. The top panel is from data averaged from July 2004 through March 2606, the
bottom panel is from data averaged from July 2008 through December 2009, The
middie panel is the difference between the bottom and top panels. Contours are

taheled in K.

Figure 12. Zonal angular momentum calenlated from the femperature averages in
figure 2. The top panel is from data averaged from July 2004 through March 20006,
the bottom panel is from data averaged from July 2008 through December 2009, The
middle panel is the difference between the boftom and top panels. Contowrs are

labeled in units of 108m?s~1

Figure 13. Ertel potential vorticity calculated from the temperature averages in
figure 2. The top panel is from data averaged from July 2004 through March 2006,
the hottom panel is from data averaged from July 2008 through December 2009, The

middle panel is the difference between the bottom and top panels. Contours are

labeled in m* Kkg™ s~ 1

Figure 14. Estimates of the radiative cooling timescales at 3° 8 {solid line) and 75° N

{dashed line}.
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